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ABSTRACT
Since the industrial revolution humans have been contaminating and discharging water through a
range of pathways. Population growth and growing consumption have resulted in increasing volumes
of water being extracted and returned to waterways. This paper discusses the volumes and
environmental impacts of many of the largest of these industrial water uses and compares them with
volumes of natural sources of marine discharge.
Vast quantities of water are being pumped into the ocean as a result of human activities. A summation
of the estimates for the various sectors in this review estimates that this has now surpassed
1,000 Gt/ year. Many of these discharges are contaminated or altered such that they vary significantly
from the natural environment. This has led to a process of geoengineering on a global scale, too often
intentionally with negative consequences. In many cases discharges are managed to limit local scale
impacts, yet it remains acceptable to discharge toxic contaminants, such as chlorine and heavy
metals, provided they are diluted to "acceptable levels". Accumulation of nutrients is causing
eutrophication leading to hypoxic dead zones and algal overgrowth of coral reefs.
The spatial and temporal scale of this unplanned and unintended geoengineering that we have
undertaken has resulted in an accumulation of contamination in the oceans that is causing widespread
and long-term damage to the marine environment. It is long past time to recognise the oceans are not
an infinite sink for waste disposal.
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Introduction

Global population growth and increasing
consumption are putting growing pressure on
natural resources. There are now a great many
huge flows of water extracted and returned to the
oceans to support this growth. This paper
discusses many of the largest of these industrial
water uses, including desalination, which many
nations are increasingly reliant upon to
complement water supplies, large scale sewage
treatment facilities to clean human waste,
industrial-scale agricultural irrigation, disposal of
water co-produced with fossil fuels, and cooling
water used to condense steam at thermal power
plants for electrical energy generation. All of
these processes discharge vast amounts of

water into the marine environment with
properties that differ from the oceans they are
entering. In some cases, there is little or no
treatment of the waste product.
Over the last 150 years human activities have
had an ever-increasing influence on the natural
environment. This has led to a process of
unintentional geoengineering on a global scale,
too often with negative consequences – water is
often diluted just enough to mitigate the local
impact even though it is known that there may be
global accumulation of harmful elements that
reach noticeable levels.
The release of such material may be described
as a form of geoengineering. These liquid
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discharges inevitably end up in the oceans either
through point sources such as outfalls or
discharge pipes, through rivers and groundwater
flows or in a more dispersed nature as runoff
from land. Atmospheric discharges that
eventually reach the oceans may also be
included in this category, but these do not form a
part of this review.
The objectives of this review are to:
 Collate examples of major anthropogenic
liquid discharge entering the oceans.
 Discuss the typical process flows for each
type of anthropogenic discharge.
 Determine the type and scale of impacts
related to each type of anthropogenic
discharge discussed.
 Compare these discharges with
sources of natural marine discharge.

2

other

Desalination plants

The freshwater resources we have relied on for
generations are no longer capable of meeting the
ever-growing demand for water. There are
myriad reasons for this, including population
growth, agriculture expansion, human urban
developments and increasingly also climate
change. As a result, desalination plants have
become an essential component of the modern
world. These plants remove the salts and
minerals from saline water, most often sourced
from the oceans, to produce water suitable for
human consumption and irrigation. The byproduct of these processes is a hypersaline
solution (a high concentration of salts and
minerals commonly called brine) that is usually
discharged back into the marine environment.
The majority of desalination plants are located in
the Middle East, China, the United States,
Europe, and Northern Africa, while very few are
located in South America or the rest of Africa
(Table 1)

2.1

Process water flow

A study in 2019 identified 15,906 desalination
plants operating across 177 countries that
produce around 95 million m3/ day of desalinated
water 1, corresponding to an average plant
production ~6,000 m3/ day = 2 million m3/ y. This
same study estimated that global brine
production was approximately 142 million m3/
day - around 1.5 litres of brine is produced per
litre of fresh water, with an average salt
concentration of around 60 ppt, almost all of
which is pumped back into the ocean. Reverse
osmosis is the most commonly used technology,
accounting for 84 % of operational plants and
producing 65.5 million m3/ day of desalinated
water. Two thermal technologies, multi-stage
flash (MSF) and multi-effect distillation (MED),
are the next most common methods, producing
17.17 and 6.68 million m3/ day, respectively1.
Seawater accounts for 61 % of the water used in
desalination plants.
Desalination is an increasingly essential part of
global infrastructure, and at least eight countries
already
produce
more
water
through
desalination than they withdraw for human use
(The Maldives, Singapore, Qatar, Malta, Antigua
and Barbuda, Kuwait, The Bahamas and
Bahrain) 1. This list of countries demonstrates the
importance of this technology in the Middle East
and for small island nations. Increasing water
demands combined with decreasing freshwater
availability means that desalination will continue
to expand significantly. This expansion will
inevitably produce increasing amounts of brine
and management of this by-product will be a
significant challenge.
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Table 1. Number, capacity, brine production and global share of operational desalination plants by
region, county income level and sector. Table copied from Jones et al. 1

Number of
desalination
plants
Global

Geographic
region

Income
level

Sector use

2.2

15,906

Desalination
(freshwater) capacity
(Million
m3/ day)
95.37

(%)
100

Waste brine production
(Million
m3/ day)
141.50

(%)
100.0

Middle East and North Africa

4826

45.32

47.5

99.40

70.3

East Asia and Pacific

3505

17.52

18.4

14.90

10.5

North America

2341

11.34

11.9

5.60

3.9

Western Europe

2337

8.75

9.2

8.40

5.9

Latin America and Caribbean

1373

5.46

5.7

5.60

3.9

Southern Asia

655

2.94

3.1

3.70

2.6

Eastern Europe and Central Asia

566

2.26

2.4

2.50

1.8

Sub-Saharan Africa

303

1.78

1.9

1.50

1.0

High

10,684

67.24

70.5

110.20

77.9

Upper middle

3075

19.16

20.1

20.70

14.6

Lower middle

2056

8.88

9.3

10.50

7.4

Low

53

0.04

0.0

0.03

0.0

Municipal

6055

59.39

62.3

106.50

75.2

Industry

7757

28.80

30.2

27.40

19.3

Power

1096

4.56

4.8

5.80

4.1

Irrigation

395

1.69

1.8

1.10

0.8

Military

412

0.59

0.6

0.50

0.3

Other

191

0.90

0.4

0.30

0.2

Environmental impacts

The factors that influence the potential impact of
the brine concentrate can be divided into two
categories. First are the properties of the brine
concentrate
(Table
2),
with
chemical
contaminants being a particular cause for
concern. Second is how and where the brine is
released into the ocean. Environmental impacts
are most likely to occur at the point of discharge
where the salinity, temperature, and chemical
composition of the concentrate flow differ
significantly from that of the ambient seawater.
The observed effects range in distance from 10s
to 100s of metres from the discharge location 2,
however in most cases the plume tends to
diminish rapidly and the salinity is usually no
greater than 2 parts per thousand (ppt) above the
background salinity within 20 m of the outlet 2.

The higher density of brine discharge means that
the plume can extend further along the seafloor
than through the water column 3. Therefore,
benthic organisms are at greater risk of exposure
than midwater and planktonic species.
Chlorine and copper, even in small amounts, can
be toxic to marine organisms 4. A study from
2002 that examined the impact of 21 desalination
plants in the Red Sea with a capacity of 1.58
million m3/ day found the presence of
contaminants including chlorine, copper and
antiscalants to be a significant environmental
issue 5. In a review of 28 US plants in 2000, 60%
exceeded EPA acute copper water quality
criteria 6 and the discharge of brines with high
metal contents has the potential to impair
biological communities. Copper and antiscalants
can accumulate in sediments as they can take a
long time to degrade 7.
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Table 2. Physical and chemical properties of brine concentrate from seawater desalination facilities. Modified from
Missimer and Malvia 8
Physical
properties

Contaminants

Salinity

Ranges between 45 and 85 parts per thousand (ppt)

Temperature

Similar to ambient seawater, though can be raised 5 to 10 °C in specific cases

Plume density

Greater than seawater, and therefore negatively buoyant

Dissolved oxygen

Similar to ambient seawater

Chlorine

Used as a biocide. Generally degraded or diluted before discharge, however
even in low concentrations can be harmful to marine life

Metals

Copper, iron, chromium and nickel from infrastructure corrosion

Antiscalants

Used to prevent scale build up on membranes and pipelines

The Arabian Gulf, and Red Sea are particularly
vulnerable to salinity increases due to
decreasing freshwater inflows and warmer
temperatures due to climate change. As of 2002,
the Arabian Gulf desalination capacity was
around 7 million m3/ day 5, a number that has
likely
increased
significantly
since.
9
Bashitialshaaer et al.
estimated that brine
discharge may increase the salinities of the
Arabian Gulf, and Red Sea, by an extra 2.24, and
1.16 ppt by the year 2050.
Exposure to desalination discharges has been
shown to lead to negative ecological impacts in
seagrass habitats, and to phytoplankton,
invertebrates, and fish communities. However,
studies appear to indicate this impact is limited to
areas surrounding outlets and are virtually
imperceptible at distances greater than 500 m
from discharge sites.
Echinoderms disappeared from the area after a
desalination plant began operation in SE Spain
(discharge: 75,000 m3/ day or 27.4 million m3/ y),
however when the salinity of the brine was
lowered by dilution with seawater prior to
discharge echinoderm numbers recovered to
pre-discharge levels 10. In the same area
seagrass (Posidonia oceanica) monitoring found
that during the first year of operations the
desalinisation plant caused a decline in the
meadow and decreased vitality of the plants 11.

Seagrasses are likely to be particularly
vulnerable to desalination plant discharges as
they grow on the seafloor in nearshore habitats
in geographical areas likely to require
desalination to supplement water supplies.
Increases in P. oceanica leaf necrosis and
decreased energy storage in leaf tissues have
been attributed to brine discharge (capacity
unknown) 12 and another seagrass, Cymodocea
nodosa, at sites affected by discharge showed a
decrease in growth and an increased mortality
(discharge: 136,000 m3/ day, 49.6 million m3/y)13.
Brine discharge had no detectable impact on a
soft
sediment
macrobenthic
community,
including
Echinoderms,
Molluscs
and
Polychaetes in the Mediterranean (discharge:
329,000 m3/ day, 120 million m3/ y) 14. Another
study (discharge: 17,000 m3/ day) did identify
changes to the macrobenthic community
immediately adjacent to a discharge point,
though assemblages returned to normal after
15 m 15. A meiobenthic community of amphipods
decreased in diversity and abundance in close
proximity
to
desalination
brine
outfall
(discharge:150,000 m3/ day, 54.8 million m3/y)16.
However, following the installation of a diffuser to
aid mixing of the discharge amphipod abundance
had increased.
In general, the available data indicate that
concentrated brine discharge can locally impact
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benthic communities, but the effects appear to be
spatially restricted to the area immediately
around the outfall. The sphere of influence will
however vary over spatial scales of 10s to 100s
of metres depending on discharge salinity and
discharge mixing rates which will be affected by
water movement driven by tides and currents.
Habitats have been ranked in their sensitivity to
brines 17 and the highest ranked should be
avoided. Additionally turbulent coasts with
constant flushing should be targeted, rather than
bays or low-energy systems or habitats with a
strong tidal system (due to low-tide impacts) 2.

3

Power plant cooling

Electric power generation has been the driving
force behind economic growth for the past 120
years and thermoelectric powerplants currently
comprise the majority of power plants globally.
High volumes of water are required for
thermoelectric power generation. This water is
used to condense or cool, the steam used to
drive thermoelectric generators. Water enters
through intake pipes, is passed through the
steam condensers of the power plant and
released back into the body of water it came
from, sometimes through a mixing basin but
often directly via pipelines. Antiscalants and
antifouling chemicals are added to the water to
limit damage to the power plant infrastructure,
and the water is heated by the steam condensing
process.

3.1

Process water flow

The majority of water used comes from
freshwater, making it challenging to find figures
that accurately represent the amount of seawater
used on a global scale (Table 3). However, it is
estimated that China and the US use
approximately 224 and 143 million m3/ day (81.8
and 52.2 billion m3/ y) of seawater respectively in
thermoelectric power generation cooling 19,20.
The amount of water required varies based on
the energy source, electricity generation
technology and the cooling system used 18
(Box 1). Additionally, the use of carbon capture
and storage (CCS) at fossil fuel powered plants,
(which is often discussed but currently not
applied), further increases water use in
proportion to the additional power required for
the CCS, which is typically at least 15% of the
power plant output. An estimate of water use by
each energy source per MWh is given in Table 4.
The amount of water withdrawn and
subsequently discharged into the oceans in
power generation will depend on the shared
socioeconomic pathway (SSP) that global
development follows over the next century. The
majority of this water is used by coal, nuclear and
biomass power generation. Renewable energy
generation from solar or wind for example uses
insignificant amounts of water in comparison. If
we follow a pathway that aims to keep global
temperature increase to less the 2 °C, then future

BOX 1. SEAWATER COOLING SYSTEMS
Once-through or open-loop cooling systems run a large amount of water through condensers in
a single pass and then discharge it back into the environment.
Recirculating or closed-loop systems use cooling towers to reduce the temperature of the water
which can then be sent back to the condenser. This approach uses less water but evaporation of
some water during the process concentrates the mineral ions in the water increasing the scaling
and corrosive effect of the water. Because of this, additional anti-scaling and corrosion inhibitors
are required, and the number of recirculation cycles is limited to 1 – 2.5 times 23.
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power generation must transition to renewable
energy generation technologies 21. However,
even where renewable technologies are not
readily adopted, it is still likely the volume of

water utilised in thermoelectric power plants will
decline due to the increased use of recirculating
cooling systems 18,22,23.

Table 3. Percentage of power plants that use seawater for electricity generation by AIM/CGE region.
Table copied from Terrapon-Pfaff et al. 18
Region

Coal

Oil

Natural gas

Biomass

Oceania

14

37

34

48

Canada

12

54

5

10

EU25

16

46

29

22

Rest of Europe

6

16

8

1

Former Soviet Union

2

1

6

1

Japan

75

71

58

32

United States

2

22

16

11

North Africa

92

76

51

0

Rest of Africa

3

45

36

33

China

12

15

16

8

India

12

33

15

5

Southeast Asia

65

58

40

27

Rest of Asia

43

19

21

23

Brazil

17

34

27

7

Rest of South America

42

55

37

30

Middle East

63

47

41

42

Turkey

27

50

53

69

Table 4. Water use intensity by energy source and cooling system type, with (+) and without (-) carbon capture
and storage. Table copied form Ando et al. 22.
Energy source
Coal
Oil/Natural gas
Nuclear
Biomass

Water withdrawal
(m3 MWh-1)

Water withdrawal including CCS
(m3 MWh-1)

Open-loop

158

241 (+52.5%)

Closed-loop

3.8

4.83 (+27%)

Cooling System

Open-loop

152

198 (+30%)

Closed-loop

4.55

5.92 (+30%)

Open-loop

193

Not applicable

Closed-loop

4.17

Not applicable

Open-loop

152

198 (+30%)

Closed-loop

3.32

4.32 (+ %)
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3.2

Environmental impacts

Discharge water from power plants is typically
about 8 – 12 °C warmer than ambient seawater
24
. Discharge water also contains a number of
chemicals used to prevent scale and biofouling
on pipes 25. Therefore, thermal discharge into
marine environments has the potential to cause
thermal and chemical stress that may impact the
local ecosystem. The relative impact of both heat
and chemical stress caused by coastal power
plants will depend on the plant type, flow rate
(FR), ambient temperature and characteristics of
the discharge area.
Temperature plays an important role in the
survival, growth and reproduction in marine
organisms 26. Increasing the temperature of
seawater leads to increases in metabolic activity
and a reduction in dissolved oxygen. Chlorine, a
frequently used biocide, easily diffuses into the
cells of many organisms, inhibiting many
metabolic processes 27. The extent and direction
of the thermal discharge is influenced by waves,
tides and currents (both velocity and direction) 28.
Estuarine habitats have better mixing than the
coastal ocean which are better than bay areas 28.
Communities in tropical waters may be
particularly vulnerable to temperature increases
as many species may already live close to their
thermal tolerance limits.
The influence of thermal discharge from coastal
power plants has been studied on many marine
29,30
organisms
including
phytoplankton
,
31
32–36
zooplankton , macrobenthic communities
and fish communities 37,38. A nuclear power plant
in Taiwan (FR: 1,380 million m3/ y) resulted in a
temperature gradient of 8 – 12 °C at the
discharge site. This temperature difference had
no impact on phytoplankton productivity,
however the chlorine added to the water as a
biocide did reduce productivity 30. This result was
supported by findings at another nuclear power
plant in India (FR: 1,099 million m3/ y), where the
thermal discharge did not lead to a significant

reduction in either phytoplankton density or
chlorophyll concentration. However, the chlorine
biocide reduced chlorophyll concentrations and
overall primary productivity 29.
At a natural gas power plant in Argentina (FR:
87.6 million m3/ y) thermal discharge was around
10 °C greater than the receiving water and lead
to a 1 – 2 °C increase in water temperature within
1 – 2 km either side of the outlet. This led to
increased mortality of zooplankton (3 copepod
species and a crab larval stage), particularly
during the summer when the discharge
temperature was at its greatest 31.
Macrobenthic communities have been found to
exhibit a range of responses to power plant
thermal discharge. In two studies at natural gas
power plants in the Caspian Sea (FR: 350 and
1,318 million m3/ y) the abundance of
macroinvertebrates was greater at the thermal
discharge sites 34,35. However, in one study,
despite the increase in abundance, species
richness actually declined 34. This was attributed
to the increase in thermo-tolerant species
increasing abundance, while the environmental
instability caused by thermal stress, such as
decreased DO and increased turbulence
resulted in the loss of less resilient species. The
second study found not only an increase in
abundance but also in diversity which was
attributed to the presence of new opportunistic
species at the discharge site 35. However, studies
have also found thermal discharge to have no
effect on the macrobenthic community. The
thermal discharge from a natural gas power plant
in Tenerife (FR: 31.4 – 63.1 million m3/ y) 36 was
found to mix rapidly, and within 20 m of the
discharge location the temperature was less than
2 °C above ambient. No significant variations in
macrobenthic communities were found at an oil
fired power plant in Italy (FR: 1,387 million m3/ y),
despite the fact that water temperature was still
above ambient even up to 300 m from the
discharge 32.
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4

Wastewater (sewage) treatment
plants

Wastewater treatment plants are now an
essential component of infrastructure, without
which we would be pumping massive amounts of
raw sewage into freshwater and marine
environments. The treatment processes remove
contaminants from domestic and municipal
wastewater through a combination of physical,
biological, and chemical mechanisms. The result
is an effluent that can be returned to nature with
a reduced impact to the environment. However,
studies regularly find coastal waters are noncompliant with national laws and international
guidelines. Examples include Brazil 39, US 40 and
Europe 41. Even developed nations that meet
mandatory requirements can fail to achieve best
practice guidelines (Figure 1). The volume of
wastewater that needs to be treated will continue
to increase with population growth while extreme
weather events caused by climate change will
make doing so more challenging.

4.1

Process water flow

It is estimated that of the 984 million m3 /day
(359,000 million m3/y) of wastewater that is
produced globally, 63 % is collected and 52 % is

treated 42 (Figure 2). However, this proportion
varies greatly across the world.
In high and upper middle income countries
approximately 60 % of the wastewater is treated,
whereas in low and lower middle income
countries only around 25 % is treated 42. There
are four stages of treatment wastewater can
undergo (Box 2). They incorporate physical,
chemical, and biological procedures to produce
a waste stream appropriate for release. The cost
of treatment beyond primary or even preliminary
treatment can be prohibitive, particularly in
developing nations. This means that even when
water is “treated” that treatment might be minimal
and will focus only on the removal of solid and
organic matter meaning the wastewater
discharge can retain significant concentrations of
harmful constituents (Table 2).
All
wastewater
eventually
enters
the
environment. Uncollected wastewater does so in
a dispersed way, filtering into natural systems
across potentially large areas. Collected waste is
funnelled through sewers and released back into
the environment through pipes, whether treated
or not, creating concentrated points of effluent
discharge often with significant negative
environmental impacts if inadequately treated,
and the disposal site does not promote dilution
and dispersion of the wastewater.

BOX 2. WASTEWATER TREATMENT APPROACHES
1. Preliminary treatment uses physical techniques to reduce the amount of physical waste present.
2. Primary treatment targets the removal of solid waste and organic matter using physical
techniques such as settlement tanks. Chemicals may also be added to break up solid and chemical
waste.
3. Secondary treatment typically removes suspended particles and biodegradable organic matter.
Bacterial digestion of the organic waste is encouraged using aeration. Most harmful chemicals are
removed at this stage, though it cannot remove nitrates.
4. Tertiary treatment uses sand filters to remove fine particulate matter and UV lights to sterilise
bacteria or viruses. It may also reuse a combination of the biological and chemical methods in
earlier treatments to remove any remaining contaminants.
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Figure 1. Bathing water quality for coastal zones in EU countries, levels of compliance with
(a) mandatory and (b) guide values. Data from European information gateway 41

(a)

(b)

The amount of wastewater produced by
treatment plants is highly variable making it
challenging to provide estimates of the amount
discharged per day. It is estimated that in
Australia between 2016 and 2017 about 1,700
million m3 of treated effluent was discharged into
fresh and coastal water bodies 43. According to
the EPA, the US releases approximately 3,220
million m3/ y of untreated effluent 44.
Factors influencing outflow include variation in
the influent, type and level of treatment, inherent

variability in the treatment process and whether
any of the treated water is recycled for irrigation,
industrial processes etc.
Variations in precipitation will also affect flow
rate. Drought conditions will lead to higher
residence times, whereas storms can increase
the volume of water in drainage systems beyond
the capacity of treatment plants, leading to sewer
overflows discharging unknown quantities of
polluted waters into receiving water bodies 45.
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Figure 2. Global estimates of wastewater (a) production (m3 per year per capita), (b) collection (%),
(c) treatment (%) and (d) reuse (%) at the country scale. Figure copied from Jones et al.42.

Table 5. Wastewater constituents of potential concern in coastal waters as determined by
the National Research Council in the USA. Copied from Roberts et al. 46

4.2

Priority

Pollutant groups

Examples

High

Nutrients
Pathogens
Toxic organic chemicals

Nitrogen, Phosphorus
Enteric viruses
Polycyclic aromatic hydrocarbon

Intermediate

Selected trace metals
Hazardous materials
Plastics and floatables

Lead
Oil, Chlorine
Beach trash, oil, grease, microplastics

Low

Other dissolved organic matter
Solids

Environmental impacts

Pollutants in wastewater include mineral and
organic matter, suspended solids, oil and grease,
detergents, nitrogen (in multiple forms including
ammonia, nitrate and organic nitrogen),
phosphorous, sulphur, phenols and heavy
metals 46 (Table 5). Wastewater from municipal
or hospital sources that is not treated effectively
can lead to the accumulation of heavy metals in
sediments 47 and antibiotics in the environment
48
. Wastewater can also contain large quantities
of bacteria and viruses, commonly measured by
the presence of indicator organisms, such as
faecal coliforms. These pollutants can negatively

impact a range of habitats including seagrasses,
macroalgae and soft bottom habitats, and
organisms including sessile and mobile species.
The influx of undertreated wastewater with high
nutrient loads including phosphate and
ammonium, can result in eutrophication of the
receiving waters 49. Where this is released into
bay or lagoon areas with low levels of water
movement ‘dead zones’ can occur as the
nutrients fuel algal or bacterial blooms that use
up all the available oxygen 39,50. These zones are
largely devoid of large animals or motile
organisms due to mortality and emigration.
Though this may be the most severe immediate
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impact of eutrophication, additional impacts
include algal blooms, algal scum, enhanced
benthic algal growth and large growths of
submerged and floating macrophytes 51–53.
Marine algae is particularly susceptible to local
changes where wastewater discharge contains
high nutrient levels. A long-term study of Sanya
Bay, China, found changes in algal community
composition as sewage discharge increased
over time 54. There have been increases in
filamentous and fine-blade green and red algae
and reductions in fleshy, foliose, and other large
green, brown, and red algae. The addition of
secondary treatment to wastewater processing
led to significant increases in species richness,
diversity,
and
heterogeneity
of
algal
assemblages in the Bay of Biscay (Spain) 55.
However, significant differences from control
conditions remained five years after treatment
upgrades.
Seagrass meadows are again at high risk from
the impacts of untreated wastewater discharge.
High nutrient input can lead to the overgrowth of
seagrasses by epiphytes and shading by algal
blooms, leading to ecosystem collapse. In areas
directly adjacent to outflows nutrient enrichment
can degrade seagrass meadows through toxic
effects or promotion of macroalgae and
epiphytes 56. Enrichment by wastewater can also
allow invasive species to outcompete seagrass,
taking over historical seagrass habitats 57.
However, where seagrasses are nutrient limited,
enrichment of the local environment with
ammonium in wastewater discharge can actually
promote higher biomass and leaf length within
the meadow 56.
Long-term monitoring of the benthic community
associated with deep water discharge sites near
Sydney, Australia, indicated differences within
the local environment had a greater effect in
shaping the benthic community structure than
accumulation of chemicals of concern near the
deep water ocean outfalls suggesting minimal

local ecological impact 58. The authors go so far
as to suggest such deep-water discharge sites
may provide a sustainable solution for sewage
discharge for mega-coastal cities. However, it
should be noted that wastewater from urban
areas contains contaminants such as pathogens,
heavy metals and microplastics that can be
harmful even at low levels and their
concentrations within the oceans continue to
increase. Industrial wastewater discharge
resulted in an increase in heavy metal
concentration in sediments in the Bizerte
Lagoon, Tunisia, which resulted in low densities
of meiofauna and higher densities of heavy metal
resistant bacterial communities 59.
Pathogens persist in all, but the most strenuously
treated wastewater and many marine mammals
are susceptible to human pathogens. The spread
of faecal bacterial pathogens was found to result
in the direct transmission of Campylobacter to
grey seals 60. Escherichia coli has been found in
pinnipeds in Australia 61 and Salmonella in fur
seals in Kentucky 62.
The increase in nutrients and particulate matter
in coastal water as a result of wastewater
discharge is a significant issue for fish
communities. Discharge can result in community
decreased biodiversity close to the point source
63,64
, but an increase in species that feed on
zooplankton and diet generalists as the effluent
disperses 65–67.
Wastewater discharge clearly is significantly
impacting on the marine environment. These
impacts can lead to significant localised changes
due to eutrophication or heavy metal inputs that
directly alter the surrounding environment.
Additionally, wastewater can lead pathogens to
infect marine animals and heavy metals and
microplastics to accumulate in the marine
ecosystem.
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5

Nutrient runoff

Nutrient runoff is a process where too many
nutrients, mainly nitrogen and phosphate
fertilisers are added to water bodies, causing
excess primary production. Though nutrients can
occur naturally from rock or soil weathering and
ocean mixing, excessive nutrient pollution is
usually a result of anthropogenic activities such
as the addition of fertilisers to agricultural land. It
is often accompanied by pesticide and herbicide
runoff, both of which are toxins, and
sedimentation, which can build up in rivers or
smother coastal systems. Nutrient inputs to the
coastal zone are particularly concerning because
human-related inputs are much greater than
natural inputs. There are increasingly more
people living in coastal areas, and consequently
more nutrients entering our coastal waters from
runoff from land in urban areas during rains, and
from farming.

Unlike point sources discussed earlier in the
review, nutrient runoff is considered a non-point
source of pollution to the coastal marine
environment, entering through diffuse pathways
with no one specific point of impact, and
therefore it is very difficult to measure the
impacts. Non-point sources are the largest
contributor of nutrients to the coastal marine
environment and their input is spread out and
highly variable depending on climate and rainfall
68
. Since the 1950s there has been a global shift
in agriculture practices to large, intensively
farmed monoculture production. Sustaining this
process has required large quantities of chemical
fertilisers to be applied. At the same time there
has been large-scale deforestation to provide
land for the growing monoculture. Both
processes have resulting in increased soil
erosion. This combination has resulted in vast

Figure 3. Kilograms of fertiliser use per hectare of cropland (2015). Fertilisers analysed were nitrogenous, potash
and phosphate fertilisers. Animal manures not included. Figure from Our World in Data. Data source: World Bank.

Page 13 of 27

Dryden et al. – Anthropogenic Discharges to the Coastal Environment: A Review, July 2021

Figure 4. Average fertiliser application rates for selected countries and regions. Values are kg of nutrient per
hectare of arable land. Figure from Our World in Data. Data source: World Bank.

quantities of nutrients in fertilisers being
transported into waterways and coastal
environments. It is estimated that the agricultural
food production industry is the cause of 78 % of
global eutrophication 69.

5.1

Process water flow

There are myriad, individual minor sources that
collectively contribute to the significant
eutrophication of the coastal environment. The
process is influenced by weather conditions, soil
type, bedrock, and terrestrial contours. The
diffuse and variable nature of nutrient runoff
makes it challenging to quantify the flow rate of
nutrients into the marine environment through
this process. However, there are some regions
where attempts have been made to estimate the
amount of nitrogen and phosphorous that are
entering the coastal environment.

year of nitrogen and 0.2 – 0.3 million tonnes/ year
of phosphorous was discharged into coastal
waters 70.
One of the most extensively studied areas of
eutrophication is around the Australian Great
Barrier Reef (GBR), the largest coral reef system
in the world. The catchment area inland of the
GBR includes 314,000 km2 beef grazing area
and 18,000 km2 of agricultural crop cultivation 71.
It is estimated that since the pre-industrial era,
nutrient loading of rivers feeding the GBR lagoon
has increased by 2 – 6 times for nitrogen and 3 –
9 times for phosphorous 72. Another estimate
suggested the total nitrogen discharged to the
GBR has increased from 14,000 tonnes/ year
(prior to 1850) to 58,000 tonnes/ year 71. As a
result, water quality in the GBR lagoon,
particularly along the more developed central
and southern sections has declined significantly.

It was estimated that in Europe between 1990
and 2010 approximately 4.1 – 4.8 million tonnes/
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5.2

Environmental impacts

Key nutrients of concern are nitrogen and
phosphorus because these nutrients are typically
limited in marine ecosystems, meaning their
addition stimulates growth of primary producers.
Over-enrichment of these nutrients results in
eutrophication which causes excessive growth of
algae. The result is negative geoengineering of
coastal environments on a vast scale. The
consequences include the degradation of
habitats, diminished water clarity, the creation of
oxygen deficient or hypoxic zones, and harmful
algal blooms 73.
Coral reefs are particularly vulnerable to the
effects of eutrophication. Many reefs are located
close to shore and corals thrive in nutrient-poor
(oligotrophic) conditions.

The impacts of degraded water quality on coral
reefs include higher nutrient availability that
increases
phytoplankton
biomass
and
proliferation of macroalgae on inshore reefs that
outcompete corals for space, and fine sediments
and particulate nutrient inputs that reduce light
availability
for
coral
and
seagrass
72
photosynthesis .
Hypoxia,
resulting
from
anthropogenic
eutrophication, is a growing ecological problem.
These zones occur when oxygen in the water is
used up faster than it is replaced or generated.
The primary reason for this is decomposition of
organic matter by microbes. When there is an
increase in the amount of matter available for
decomposition microbial activity increases which
uses up greater amounts of oxygen, leading to
hypoxic conditions. Many dead zones are linked

Figure 5. Global map of hypoxic coastal ecosystems. Areas are concentrated in regions with dense human population.
Dots show know locations; their size does not reflect the size of the dead zones. Figure copied from Altieri and Diaz 50.
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with phytoplankton blooms caused by
eutrophication 74,75. These blooms provide the
organic matter for increased microbial activity.
Dead zones due to hypoxia are now a permanent
feature in coastal areas of the Baltic Sea,
northern Gulf of Mexico and the Black Sea 76 and
occur temporarily in many other known locations
(Figure 3). It is believed that the majority of
hypoxic zones, particularly in the tropics are yet
to be discovered. The Gulf of Mexico Hypoxic
Area averaged 14,000 km2 between 1985 and
2017 50. Oxygen depletions create areas of low
productivity and low biodiversity, resulting in the
significant reduction of highly valued fishery
resources. It is estimated that the global biomass
loss due to dead zones may be greater than 9
million tonnes/ year 77. Mortality and migration
resulting from hypoxic conditions can result in
large areas devoid of life 50.
Harmful algal blooms (HABs) have been linked
to eutrophication of coastal waters. HABs occur
when there is a sudden increase in abundance
of algae that produce toxins that are damaging to
other plants and animals. As with dead zones,
nutrients added to the coastal environment result
in the proliferation of algae, except that in the
case of HABs the algae itself directly damages
the surrounding ecosystem. Impacts of these
events include mass mortalities of both wild and
farmed fish and shellfish, toxic seafood, and
human illness through direct exposure to
HABs 78. HABs are a regularly occurring and
significant ecological issue in a number of
locations across North America 79, Europe 80,

Asia 81 and Oceania
the rise globally 83.

6

82

, and occurrences are on

Produced water

Produced water is a common by-product of oil
and gas extraction. It refers to water that is
coproduced with the hydrocarbons and can
comprise connate water (water that was
originally in the formation below the
hydrocarbons) and/or water that has been
injected to support the reservoir pressure, often
treated seawater. Connate water may be as old
as reservoir in which it is located (typically
millions of years), and consequently contains
noticeably different salts than present day
seawater. Injected water may be freshwater or
seawater that is injected in a reservoir to
enhance hydrocarbon recovery rates. Produced
water can account for up 80 % of the waste
products from natural gas operations 84.
The ratio of produced water to desired gas or oil
production can range from 0 to more than 50,
with a global average of about 2 -3 85. However,
the amount of produced water generated usually
increases as production decreases and in nearly
depleted fields production may be as high as
98 % produced water to 2 % fossil fuel 86.
Produced water typically contains toxins of great
potential harm to the environment. It is essential
to treat and manage produced water to reduce
the damage this pollutant can cause to the
environment. The majority of produced water is
discharged into the oceans.

Table 6. Volumes of produced water associated with oil and gas production in different countries. Values are not
necessarily equal volume discharged into the oceans as some water is reinjected to wells. Copied from Al-Ghouti et al. 91
Country
USA
Australia

Volume produced water (million
m3 /yr)
3338.37
33.00

China

7.30

Iraq

16.83

Oman

292.50

Qatar

8.03
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6.1

Process water flow

It was estimated that in 2003 about 800 million
m3 of produced water was discharged offshore
across the globe. This included 21.1 million m3
into waters around the US, mostly the Gulf of
Mexico, and 358 - 419 million m3 into European
offshore waters 86. These values are likely to be
underestimates
as there is
significant
87
underreporting of production .
The estimated total volume of produced water in
the US in 2007 was 256,000 m3 /day, about
234,000 m3 /day (85.4 million m3 /year) of which
was treated and discharged into the ocean 88.
Norway developed around 173 million m3 of
produced water in 2009, about 147 million m3 of
which was discharged in the ocean 86. The NE
Atlantic area covered by the OSPAR convention
receives about 300 million m3 /y of produced
water from oil and gas operations 89. In 2012
about 130 million m3 were discharged into the
Norwegian Coastal Shelf, an area within the
OSPAR region, with one site discharging an
average of 27.7 million m3 /y 90.

6.2

Environmental impact

The composition of produced water is complex
and highly variable between wells and over the
lifetime of a single well. It consists of a number of

constituents that are of considerable harm to the
environment (Table 8). These include heavy
metals, dispersed oil, aromatic hydrocarbons
and alkylphenols, naturally occurring radioactive
material, organic material, inorganic salts,
organic acids and high levels of sulphur and
sulphides 90.
Aromatic hydrocarbons such as polycyclic
aromatic compounds (PAHs), can cause a range
of ecotoxicological issues such as DNA damage
93
, oxidative stress 94, cardiac function defects 95,
or embryotoxicity 96. Fish growth and liver
function can be impacted by PAHs 97,98.
Alkylphenols are hazardous and toxic and can
cause a range of biological effects 90. They can
cause significant damage to the environment due
to their hormone disrupting effects in both
mammals and fish 99,100. alkylphenols can
negatively impact fish reproduction 101. In 2012
the total combined amount of phenol and
alkylphenols discharged on the Norwegian
Coastal Shelf was 522 tonnes 90.
Metals in produced water include arsenic,
cadmium, copper, chromium, lead, mercury,
nickel and zinc. A report on Norwegian coastal
waters in 2012 reported levels in produced water
discharges of lead, mercury and zinc greater
than 1,000 times, and arsenic and cadmium

Table 7. Distribution of produced water management in the USA in 2012. Copied from Veil et al. 92
Enhanced
Recovery
(million
m3 /yr)

Injection
for
disposal
(million
m3 /yr)

Surface
discharge
(million
m3 /yr)

Evaporation
(million m3
/yr)

Commercial
Disposal
(million m3
/yr)

Beneficial
Reuse
(million
m3 /yr)

Total
produced
water
(million m3
/yr)

Onshore
Total

1467

1263

96

110

218

20

3174

%

46.2

39.8

3

3.5

6.9

0.6

100

Offshore
Total

10

10

82

0

0

0

102

%

9.8

9.8

80.4

0

0

0

100

U.S. Total

1476

1273

178

110

218

20

3276

%

45.1

38.9

5.4

3.4

6.7

0.6

100
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greater than 100 times above background
seawater levels 90. Heavy metals can impact
marine organisms even when present in
extremely low concentrations. The effects of
heavy metals include disturbances to growth,
reproduction and metabolism and the disruption
of endocrine and immune systems of a range of
marine organisms 102.
Though some treatment of produced water does
occur the main approach to environmental
impact mitigation is rapid dilution of the produced
water plume (Figure 6). The aim of this is to
rapidly reduce the concentration of contaminants
in produced water to below harmful levels. Field
and laboratory studies on the impacts of
produced
water
indicate
that
though
contaminants present have the potential to cause
significant negative impacts to the pelagic

ecosystem those impacts will likely be limited to
less than 1 km from the source of the discharge
90
. This is attributed to rapid discharge dilution
and short exposure time. Despite the negative
impacts of alkylphenols a modelling study
concluded that produced water discharges and
plume dispersion were unlikely to result in high
enough exposure to have any significant impact
on the reproduction of fish stocks for the three
species examined 101.
However, this a relatively short-sighted approach
to impact management. It is well-known that
many marine species aggregate around oil and
gas platforms 103, meaning whole marine
communities can be within this 1 km impact
zone. An issue potentially exacerbated if
transient predators regularly feed on prey around
the platform. Additionally, many containments in

Table 8. Main components of produced water and their concentration range. Copied from Al-Ghouti et al. 91
Parameter

Concentration
(mg /l)

Major parameters

Parameter

Concentration
(mg /l)

Metals

COD

1220-2600

Na

TSS

1.2-1,000

Sr

0–6250

TOC

0-1,500

Zn

0.01–35

TDS

100-400,000

Li

0.038–64

Total organic acids

0.001-10,000

Al

0.4–410

As

0.002–11

Production treatment chemicals
Glycol

7.7-2,000

Ba

0–850

Corrosion inhibitor

0.3-10

Cr

0.002–1.1

Scale inhibitor

0.2-30

Fe

0.1–1100

Mn

0.004–175

BTEX
Benzene

0.032-778.51

K

24–4300

Ethylbenzene

0.026-399.84

Pd

0.008–0.88

Toluene

0.058-5.86

Ti

0.01–0.7

Xylene

0.01-1.29

Other ions

Total BTEX

0.73-24.1

B

5-95

Ca2+

0-74,000

17-30

SO42-

0-15,000

Total oil and grease

2-560

Mg2+

0.9-6,000

Phenol

0.001-10,000

HCO3-

0-15,000

Cl-

0-270,000

Other pollutants
Saturated hydrocarbons
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produced water, such as heavy metals, do not
degrade naturally and will bioaccumulate
through the marine food web 104. This is already
having a significant impact on marine
communities and some fish stocks 105. As oil and

gas exploration expands to Arctic areas there is
also the question about how these sensitive
ecosystems will react to additional pollutants 89.

Figure 6. Produced water discharged from an offshore oil and gas production will spread with ocean currents, forming
a continuous plume that exposes downstream ecosystems (illustrated by a simplified Barents Sea system). The plume
will be continuously mixing and diluting the contaminants within the produced water. Figure copied from Beyer et al.
89
.

7

Comparison of water volumes
flowing to the oceans

The global flow rate data given in the preceding
sections is presented in Figure 7. Unfortunately,
the authors were unable to locate useful data on
agricultural flows or LNG vaporisation using
seawater and so these have been excluded.
All figures relating to estimates of thousands of
processes across the globe necessarily will have
a significant margin of error and we must be
cautious in our conclusions. We may, however,
conclude that the order of magnitude is likely
correct, and that the total amount of water being
discharged into the oceans from the various
industrial processes is vast.

Global rainfall over land has been estimated at
around 100,000 Gt/ y, of which 37,000 Gt/ y is
likely flowing to sea via surface rivers. The
anthropogenic water flow figures presented for
sewage, oil field produced water, thermal power
plants and reverse osmosis plants add up to
around 1,000 Gt/ y, or about 1% of land rainfall,
and almost all of it carrying marine pollutants of
one sort or another. Many reports are likely
conservative and, noting the fact that this figure
excludes several known processes, we may
expect the actual total volume of water
discharged from anthropogenic sources to be
much higher.
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Figure 7. Comparison of rainwater and anthropogenic water uses.

8

Discussion

Vast quantities of water are being pumped into
the ocean as a result of human activities. A
summation of the estimates for the various
sectors indicates that this is now surpassed
1,000 Gt/ y (refer to Figure 7). The majority of
these discharges have been contaminated or
altered such that they vary significantly from the
natural environment. The primary approach for
mitigating the impacts of these discharges is to
rely on rapid mixing and dilution of the effluent
stream. Where a discharge merely causes a
small alteration of natural conditions such as
increased temperature or salinities this approach
may continue to be utilised with minimal impact.
Where discharge contains toxins harmful to the
marine environment this approach is increasingly
unacceptable, and dilution is no longer the right
solution.
We have been creating and discharging effluents
into the marine environment for long enough now
that contaminants are beginning to build up and
cause large scale, negative changes to the
marine environment. This has become a huge
unintentional geoengineering project with
devastating impacts on coastal waters.

We can no longer claim ignorance about the
impacts of even small concentrations of certain
particularly toxic contaminants such as heavy
metals or chlorine. Accumulation in the
environment and bioaccumulation through the
food web is resulting in levels of contamination
that cause significant harm.
It is possible to decide to reduce or stop such
impacts to the environment. Decisions such as
reinjecting produced water and increasing the
levels of wastewater treatment can almost
completely end the discharges of associated
harmful contaminants and changing agricultural
practices to reduce the amount of chemical
fertiliser, for example through soil regenerative
practices, will limit nutrient and toxin runoffs.
It is long past time to recognise the oceans are
not an infinite sink for waste disposal. This
unplanned and unintended geoengineering of
the oceans that we have undertaken has caused
widespread and long-term damage to the marine
environment. It is incumbent on humans now to
not just reduce the volume of harmful products
that are discharged into oceans but begin the
work of undoing the damage we have already
caused.

Page 20 of 27

Dryden et al. – Anthropogenic Discharges to the Coastal Environment: A Review, July 2021

9

Acknowledgements

This paper has been written on behalf of Cquestr8 Ltd, a company developing a CDR solution based on
ocean bicarbonate production. Cesquestr8 has been supported by Counteract Partners.

10 References
1.

Jones E, Qadir M, van Vliet MTH, Smakhtin V, Kang S mu. The state of desalination and brine
production:
A
global
outlook.
Sci
Total
Environ.
2019;657:1343-1356.
doi:10.1016/j.scitotenv.2018.12.076

2.

Roberts DA, Johnston EL, Knott NA. Impacts of desalination plant discharges on the marine
environment: A critical review of published studies. Water Res. 2010;44(18):5117-5128.
doi:10.1016/j.watres.2010.04.036

3.

Tularam GA, Ilahee M. Environmental concerns of desalinating seawater using reverse osmosis.
J Environ Monit. 2007;9(8):805-813. doi:10.1039/b708455m

4.

Batley GE, Simpson SL. Short‐Term Guideline Values for Chlorine in Marine Waters. Environ
Toxicol Chem. 2020;39(4):754-764.

5.

Hoepner T, Lattemann S. Chemical impacts from seawater desalination plants - A case study of
the northern Red Sea. Desalination. 2003;152(1-3):133-140. doi:10.1016/S0011-9164(02)010561

6.

Paquin PR, Santore RC, Wu KB, Anid PJ, Kavvadas CD, Di Toro DM. Revisiting the aquatic
impacts of copper discharged by water-cooled copper alloy condensers used by power and
desalination plants. Environ Sci Policy. 2000;3:165-174.

7.

Ariono D, Purwasasmita M, Wenten IG. Brine effluents: Characteristics, environmental impacts,
and
their
handling.
J
Eng
Technol
Sci.
2016;48(4):367-387.
doi:10.5614/j.eng.technol.sci.2016.48.4.1

8.

Missimer TM, Maliva RG. Environmental issues in seawater reverse osmosis desalination:
Intakes
and
outfalls.
Desalination.
2018;434(April
2017):198-215.
doi:10.1016/j.desal.2017.07.012

9.

Bashitialshaaer R, Persson KM, Aljaradin M. Estimated Future Salinity in the Arabian Gulf, the
Mediterranean Sea and the Red Sea Consequences of Brine Discharge from Desalination. Int J
Acad Res. 2011;3(1):133-140. http://www.ijar.lit.az/pdf/9/2011(1-21).pdf.

10.

Fernández-Torquemada Y, González-Correa JM, Sánchez-Lizaso JL. Echinoderms as indicators
of
brine
discharge
impacts.
Desalin
Water
Treat.
2013;51(1-3):567-573.
doi:10.1080/19443994.2012.716609

11.

Fernández-Torquemada Y, Sánchez-Lizaso JL, González-Correa JM. Preliminary results of the
monitoring of the brine discharge produced by the SWRO desalination plant of Alicante (SE
Spain). Desalination. 2005;182(1-3):395-402. doi:10.1016/j.desal.2005.03.023

12.

Gacia E, Invers O, Manzanera M, Ballesteros E, Romero J. Impact of the brine from a desalination
plant on a shallow seagrass (Posidonia oceanica) meadow. Estuar Coast Shelf Sci.
2007;72(4):579-590.

13.

Garrote-Moreno A, Fernández-Torquemada Y, Sánchez-Lizaso JL. Salinity fluctuation of the
brine discharge affects growth and survival of the seagrass Cymodocea nodosa. Mar Pollut Bull.
2014;81(1):61-68. doi:10.1016/j.marpolbul.2014.02.019

Page 21 of 27

Dryden et al. – Anthropogenic Discharges to the Coastal Environment: A Review, July 2021

14.

Raventos N, Macpherson E, García-Rubiés A. Effect of brine discharge from a desalination plant
on macrobenthic communities in the NW Mediterranean. Mar Environ Res. 2006;62(1):1-14.
doi:10.1016/j.marenvres.2006.02.002

15.

Riera R, Tuya F, Ramos E, Rodríguez M, Monterroso Ó. Variability of macrofaunal assemblages
on
the
surroundings
of
a
brine
disposal.
Desalination.
2012;291:94-100.
doi:10.1016/j.desal.2012.02.003

16.

de-la-Ossa-Carretero JA, Del-Pilar-Ruso Y, Loya-Fernández A, et al. Response of amphipod
assemblages to desalination brine discharge: Impact and recovery. Estuar Coast Shelf Sci.
2016;172:13-23. doi:10.1016/j.ecss.2016.01.035

17.

Höpner T, Windelberg J. Elements of environmental impact studies on coastal desalination
plants. Desalination. 1997;108(1-3):11-18. doi:10.1016/S0011-9164(97)00003-9

18.

Terrapon-Pfaff JC, Ortiz W, Viebahn P, Kynast E, Flörke M. Water demand scenarios for
electricity generation at the global and regional levels. Water (Switzerland). 2020;12(9).
doi:10.3390/w12092482

19.

Dieter CA, Maupin MA, Caldwell RR, et al. Estimated Use of Water in the United States in 2015.
US Geological Survey; 2018.

20.

Zhang C, Zhong L, Wang J. Decoupling between water use and thermoelectric power generation
growth in China. Nat Energy. 2018;3(9):792-799. doi:10.1038/s41560-018-0236-7

21.

IPCC. IPCC, 2014: Climate Change 2014: Synthesis Report. Contribution of Working Groups I,
II and III to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change.;
2014.

22.

Ando N, Yoshikawa S, Fujimori S, Kanae S. Long-term projections of global water use for
electricity generation under the Shared Socioeconomic Pathways and climate mitigation
scenarios. Hydrol Earth Syst Sci. 2017;(March):1-25. doi:10.5194/hess-2017-27

23.

Zhang L, Dzombak DA. Challenges and strategies for the use of saline water as cooling water in
power plant cooling systems Office of Fossil Energy. 2010;(December).

24.

Cheng YL, Hao QZ, Liu LL. The effect of velocity and outlet angle of the thermal discharge on its
diffusion with basic flow in power plant. Procedia Environ Sci. 2011;11(PART B):611-617.
doi:10.1016/j.proenv.2011.12.095

25.

Rahmani K, Jadidian R, Haghtalab S. Evaluation of inhibitors and biocides on the corrosion,
scaling and biofouling control of carbon steel and copper–nickel alloys in a power plant cooling
water system. Desalination. 2016;393:174-185. doi:10.1016/j.desal.2015.07.026

26.

Langford T. Ecological Effects of Thermal Discharges. Springer Science & Business Media; 1990.

27.

Strauss SD, Puckorius PR. Cooling-water treatment for control of scaling, fouling, corrosion.
Power. 1984;128(6):S1-S24.

28.

Jia H lei, Zheng S, Xie J, Ying X ming, Zhang C ping. Influence of geographic setting on thermal
discharge from coastal power plants. Mar Pollut Bull. 2016;111(1-2):106-114.
doi:10.1016/j.marpolbul.2016.07.024

29.

Poornima EH, Rajadurai M, Rao TS, et al. Impact of thermal discharge from a tropical coastal
power
plant
on
phytoplankton.
J
Therm
Biol.
2005;30(4):307-316.
doi:10.1016/j.jtherbio.2005.01.004

30.

Chuang YL, Yang HH, Lin HJ. Effects of a thermal discharge from a nuclear power plant on
phytoplankton and periphyton in subtropical coastal waters. J Sea Res. 2009;61(4):197-205.
doi:10.1016/j.seares.2009.01.001

Page 22 of 27

Dryden et al. – Anthropogenic Discharges to the Coastal Environment: A Review, July 2021

31.

Hoffmeyer MS, Biancalana F, Berasategui A. Impact of a power plant cooling system on copepod
and meroplankton survival (Bahía Blanca estuary, Argentina). Iheringia Série Zool.
2005;95(3):311-318. doi:10.1590/s0073-47212005000300011

32.

Lardicci C, Rossi F, Maltagliati F. Detection of thermal pollution: Variability of benthic communities
at two different spatial scales in an area influenced by a coastal power station. Mar Pollut Bull.
1999;38(4):296-303. doi:10.1016/S0025-326X(98)00149-0

33.

Bamber RN, Spencer JF. The benthos of a coastal power station thermal discharge canal. J Mar
Biol Assoc United Kingdom. 1984;64(3):603-623. doi:DOI: 10.1017/S0025315400030290

34.

Bozorgchenani A, Seyfabadi J, Shokri MR. Effects of thermal discharge from Neka power plant
(southern Caspian Sea) on macrobenthic diversity and abundance. J Therm Biol. 2018;75:13-30.
doi:10.1016/j.jtherbio.2018.05.002

35.

Farshchi M, Nasrolahi A, Shokri MR. Variability in benthic invertebrate community structure near
warm water effluents of a power plant in the southern Caspian Sea. Reg Stud Mar Sci.
2020;40:101507. doi:10.1016/j.rsma.2020.101507

36.

Riera R, Núñez J, Martín D. Effects of thermal pollution on the soft-bottoms surrounding a power
station in the Canary Islands (NE Atlantic ocean). Oceanology. 2011;51(6):1040-1046.
doi:10.1134/S0001437011060142

37.

Teixeira TP, Neves LM, Araújo FG. Effects of a nuclear power plant thermal discharge on habitat
complexity and fish community structure in Ilha Grande Bay, Brazil. Mar Environ Res.
2009;68(4):188-195. doi:10.1016/j.marenvres.2009.06.004

38.

Teixeira TP, Neves LM, Araújo FG. Thermal impact of a nuclear power plant in a coastal area in
Southeastern Brazil: Effects of heating and physical structure on benthic cover and fish
communities. Hydrobiologia. 2012;684(1):161-175. doi:10.1007/s10750-011-0980-1

39.

Cabral A, Bercovich MV, Fonseca A. Implications of poor-regulated wastewater treatment
systems in the water quality and nutrient fluxes of a subtropical coastal lagoon. Reg Stud Mar
Sci. 2019;29:100672. doi:10.1016/j.rsma.2019.100672

40.

Aguilera R, Gershunov A, Benmarhnia T. Atmospheric rivers impact California’s coastal water
quality
via
extreme
precipitation.
Sci
Total
Environ.
2019;671:488-494.
doi:10.1016/j.scitotenv.2019.03.318

41.

WHO.
European
Health
Information
Gateway.
https://gateway.euro.who.int/en/indicators/enhis_6-bathing-water-quality-for-coastal-zones-ineu-countries-levels-of-compliance/visualizations/#id=21360. Published 2021. Accessed May 25,
2021.

42.

Jones ER, Van Vliet MTH, Qadir M, Bierkens MFP. Country-level and gridded estimates of
wastewater production, collection, treatment and reuse. Earth Syst Sci Data. 2021;13(2):237-254.
doi:10.5194/essd-13-237-2021

43.

Pickin J, Randell P, Trinh J, Grant B. National Waste Report 2018.; 2018.

44.

EPA. Report to Congress on the Impacts and Control of CSOs and SSOs.; 2004.

45.

Whitehead PG, Wilby RL, Battarbee RW, Kernan M, Wade AJ. A review of the potential impacts
of climate change on surface water quality. Hydrol Sci J. 2009;54(1):101-123.
doi:10.1623/hysj.54.1.101

46.

Roberts PJW, Salas HJ, Reiff FM, Libhaber M, Labbe A, Thomson JC. Marine Wastewater
Outfalls and Treatment Systems. August 2010. doi:10.2166/9781780401669

47.

Devarajan N, Laffite A, Ngelikoto P, et al. Hospital and urban effluent waters as a source of
accumulation of toxic metals in the sediment receiving system of the Cauvery River,
Page 23 of 27

Dryden et al. – Anthropogenic Discharges to the Coastal Environment: A Review, July 2021

Tiruchirappalli, Tamil Nadu, India. Environ Sci Pollut Res. 2015;22(17):12941-12950.
doi:10.1007/s11356-015-4457-z
48.

Chen H, Yuan H. Numerical Simulation of Impacts on Marine Environment by Sewage Discharge.
MATEC Web Conf. 2015;22:1-6. doi:10.1051/matecconf/20152204019

49.

Shtereva G, Velikova V, Doncheva V. Human impact on marine water nutrients enrichment. J
Environ Prot Ecol. 2015;16(1):40-48.

50.

Altieri AH, Diaz RJ. Dead Zones : Oxygen Depletion in Coastal Ecosystems. Second Edi. Elsevier
Ltd.; 2019. doi:10.1016/B978-0-12-805052-1.00021-8

51.

Hallegraeff GM. A review of harmful algal blooms and their apparent global increase. Phycologia.
1993;32(2):79-99.

52.

Turner RE, Rabalais NN. Coastal eutrophication near the Mississippi river delta. Nature.
1994;368(6472):619-621.

53.

Vollenweider RA, Marchetti R, Viviani R. Marine Coastal Eutrophication: Proceedings of an
International Conference, Bologna, Italy, 21-24 March 1990. Elsevier; 2016.

54.

Titlyanov EA, Titlyanova T V., Belous OS, Kalita TL. Inventory change (1990s-2010s) in the
marine flora of Sanya Bay (Hainan Island, China). J Mar Biol Assoc United Kingdom.
2015;95(3):461-470. doi:10.1017/S002531541400160X

55.

Díez I, Santolaria A, Muguerza N, Gorostiaga JM. Measuring restoration in intertidal macrophyte
assemblages following sewage treatment upgrade. Mar Environ Res. 2013;84:31-42.

56.

Cabaço S, Machás R, Vieira V, Santos R. Impacts of urban wastewater discharge on seagrass
meadows
(Zostera
noltii).
Estuar
Coast
Shelf
Sci.
2008;78(1):1-13.
doi:10.1016/j.ecss.2007.11.005

57.

Chisholm JRM, Fernex FE, Mathieu D, Jaubert JM. Wastewater discharge, seagrass decline and
algal
proliferation on the côte
d’Azur. Mar
Pollut Bull.
1997;34(2):78-84.
doi:https://doi.org/10.1016/S0025-326X(96)00072-0

58.

Besley CH, Birch GF. Deepwater ocean outfalls: A sustainable solution for sewage discharge for
mega-coastal cities (Sydney, Australia): Influence of deepwater ocean outfalls on shelf benthic
infauna. Mar Pollut Bull. 2019;145:724-738. doi:10.1016/j.marpolbul.2019.06.016

59.

Saidi I, Ben Said O, Ben Abdelmalek J, Jouili S, Chicharo L, Beyrem H. Impact of heavy metals
of industrial plant wastewater on benthic communities of Bizerte Lagoon (Tunisia). Chem Ecol.
2019;35(8):746-774.

60.

Baily JL, Méric G, Bayliss S, et al. Evidence of land‐sea transfer of the zoonotic pathogen
Campylobacter to a wildlife marine sentinel species. Mol Ecol. 2015;24(1):208-221.

61.

Fulham M, Power M, Gray R. Diversity and distribution of Escherichia coli in three species of freeranging Australian pinniped pups. Front Mar Sci. 2020;7:755.

62.

Blyde DJ, March D, Howard P, Sintchenko V, Rousselet E, Atkin C. An outbreak of multidrugresistant Salmonella Kentucky infection in long-nosed fur seals. Dis Aquat Organ. 2020;142:119124.

63.

Reish DJ, Bellan G. The long-term effects of municipal discharges from urban areas on the marine
environment: a review. LAVOISIER, PARIS(FRANCE). 1995:701-743.

64.

Smith AK, Ajani PA, Roberts DE. Spatial and temporal variation in fish assemblages exposed to
sewage and implications for management. Mar Environ Res. 1999;47(3):241-260.
doi:10.1016/S0141-1136(98)00120-2

Page 24 of 27

Dryden et al. – Anthropogenic Discharges to the Coastal Environment: A Review, July 2021

65.

Azzurro E, Matiddi M, Fanelli E, et al. Sewage pollution impact on Mediterranean rocky-reef fish
assemblages. Mar Environ Res. 2010;69(5):390-397. doi:10.1016/j.marenvres.2010.01.006

66.

Guidetti P, Terlizzi A, Fraschetti S, Boero F. Changes in Mediterranean rocky-reef fish
assemblages exposed to sewage pollution. Mar Ecol Prog Ser. 2003;253:269-278.

67.

Hall JA, Frid CLJ, Gill ME. The response of estuarine fish and benthos to an increasing discharge
of sewage effluent. Mar Pollut Bull. 1997;34(7):527-535.

68.

Arhonditsis G, Tsirtsis G, Angelidis MO, Karydis M. Quantification of the effects of nonpoint
nutrient sources to coastal marine eutrophication: Applications to a semi-enclosed gulf in the
Mediterranean Sea. Ecol Modell. 2000;129(2-3):209-227. doi:10.1016/S0304-3800(00)00239-8

69.

Poore J, Nemecek T. Reducing food’s environmental impacts through producers and consumers.
Science (80- ). 2018;360(6392):987-992. doi:10.1126/science.aaq0216

70.

Grizzetti B, Bouraoui F, Aloe A. Changes of nitrogen and phosphorus loads to European seas.
Glob Chang Biol. 2012;18(2):769-782. doi:10.1111/j.1365-2486.2011.02576.x

71.

Brodie JE, Devlin M, Haynes D, Waterhouse J. Assessment of the eutrophication status of the
Great
Barrier
Reef
lagoon
(Australia).
Biogeochemistry.
2011;106(2):281-302.
doi:10.1007/s10533-010-9542-2

72.

Kroon FJ, Thorburn P, Schaffelke B, Whitten S. Towards protecting the Great Barrier Reef from
land-based pollution. Glob Chang Biol. 2016;22(6):1985-2002. doi:10.1111/gcb.13262

73.

Boesch DF. Barriers and bridges in abating coastal eutrophication. Front Mar Sci.
2019;6(MAR):1-25. doi:10.3389/fmars.2019.00123

74.

Rabalais NN, Díaz RJ, Levin LA, Turner RE, Gilbert D, Zhang J. Dynamics and distribution of
natural and human-caused hypoxia. Biogeosciences. 2010;7(2):585-619. doi:10.5194/bg-7-5852010

75.

Rabalais NN, Turner RE, Díaz RJ, Justić D. Global change and eutrophication of coastal waters.
ICES J Mar Sci. 2009;66(7):1528-1537. doi:10.1093/icesjms/fsp047

76.

Rabalais NN, Turner RE, Wiseman WJ. Gulf of Mexico hypoxia, a.k.a. “The dead zone.” Annu
Rev Ecol Syst. 2002;33:235-263. doi:10.1146/annurev.ecolsys.33.010802.150513

77.

Díaz RJ, Rosenberg R, Rabalais NN, Levin LA. Dead zone dilemma. 2009.

78.

Anderson DM, Glibert PM, Burkholder JM. Harmful algal blooms and eutrophication: nutrient
sources, composition, and consequences. Estuaries. 2002;25(4):704-726.

79.

Anderson DM, Burkholder JM, Cochlan WP, et al. Harmful algal blooms and eutrophication:
Examining linkages from selected coastal regions of the United States. Harmful Algae.
2008;8(1):39-53. doi:10.1016/j.hal.2008.08.017

80.

Karlson B, Andersen P, Arneborg L, et al. Harmful algal blooms and their effects in coastal seas
of Northern Europe. Harmful Algae. 2021:101989.

81.

Furuya K, Iwataki M, Lim PT, et al. Overview of harmful algal blooms in Asia. In: Global Ecology
and Oceanography of Harmful Algal Blooms. Springer; 2018:289-308.

82.

Hallegraeff GM. Harmful algal blooms in the Australian region. Mar Pollut Bull. 1992;25(5-8):186190.

83.

Hallegraeff G, Enevoldsen H, Zingone A. Global harmful algal bloom status reporting. 2021.

84.

McCormack P, Jones P, Hetheridge MJ, Rowland SJ. Analysis of oilfield produced waters and
production chemicals by electrospray ionisation multi-stage mass spectrometry (ESI-MSn). Water
Res. 2001;35(15):3567-3578.
Page 25 of 27

Dryden et al. – Anthropogenic Discharges to the Coastal Environment: A Review, July 2021

85.

Veil JA. Produced Water Management Options and Technologies. (Lee K, Neff J, eds.).; 2011.
doi:10.1007/978-1-4614-0046-2_29

86.

Neff J, Lee K, DeBlois EM. Produced water: overview of composition, fates, and effects. Prod
water. 2011:3-54.

87.

Campbell JA, Bennett W. Environmental Performance In The E & P Industry 2004. In: SPE
International Health, Safety & Environment Conference. OnePetro; 2006.

88.

Clark CE, Veil JA. Produced Water Volumes and Management Practices in the United States.
Argonne National Lab.(ANL), Argonne, IL (United States); 2009.

89.

Beyer J, Goksøyr A, Hjermann DØ, Klungsøyr J. Environmental effects of offshore produced
water discharges: A review focused on the Norwegian continental shelf. Mar Environ Res.
2020;162(September). doi:10.1016/j.marenvres.2020.105155

90.

Bakke T, Klungsøyr J, Sanni S. Environmental impacts of produced water and drilling waste
discharges from the Norwegian offshore petroleum industry. Mar Environ Res. 2013;92:154-169.
doi:10.1016/j.marenvres.2013.09.012

91.

Al-Ghouti MA, Al-Kaabi MA, Ashfaq MY, Da’na DA. Produced water characteristics, treatment
and
reuse:
A
review.
J
Water
Process
Eng.
2019;28(January):222-239.
doi:10.1016/j.jwpe.2019.02.001

92.

Veil J. US produced water volumes and management practices in 2012. Groundw Prot Counc.
2015.

93.

Aas E, Baussant T, Balk L, Liewenborg B, Andersen OK. PAH metabolites in bile, cytochrome
P4501A and DNA adducts as environmental risk parameters for chronic oil exposure: a laboratory
experiment
with
Atlantic
cod.
Aquat
Toxicol.
2000;51(2):241-258.
doi:https://doi.org/10.1016/S0166-445X(00)00108-9

94.

Sturve J, Hasselberg L, Fälth H, Celander M, Förlin L. Effects of North Sea oil and alkylphenols
on biomarker responses in juvenile Atlantic cod (Gadus morhua). Aquat Toxicol. 2006;78:S73S78. doi:https://doi.org/10.1016/j.aquatox.2006.02.019

95.

Incardona JP, Collier TK, Scholz NL. Defects in cardiac function precede morphological
abnormalities in fish embryos exposed to polycyclic aromatic hydrocarbons. Toxicol Appl
Pharmacol. 2004;196(2):191-205. doi:https://doi.org/10.1016/j.taap.2003.11.026

96.

Carls MG, Holland L, Larsen M, Collier TK, Scholz NL, Incardona JP. Fish embryos are damaged
by
dissolved
PAHs,
not
oil
particles.
Aquat
Toxicol.
2008;88(2):121-127.
doi:https://doi.org/10.1016/j.aquatox.2008.03.014

97.

Carls MG, Heintz RA, Marty GD. Cytochrome P4501A induction in oil-exposed pink salmon
Oncorhynchus gorbuscha embryos predicts reduced survival potential . Mar Ecol Prog Ser.
2005;301:253-265. https://www.int-res.com/abstracts/meps/v301/p253-265/.

98.

Myers MS, Landahl JT, Krahn MM, McCain BB. Relationships between hepatic neoplasms and
related lesions and exposure to toxic chemicals in marine fish from the US West Coast. Environ
Health Perspect. 1991;90:7-15.

99.

Arukwe A, Celius T, Walther BT, Goksøyr A. Effects of xenoestrogen treatment on zona radiata
protein and vitellogenin expression in Atlantic salmon (Salmo salar). Aquat Toxicol.
2000;49(3):159-170. doi:https://doi.org/10.1016/S0166-445X(99)00083-1

100. Nimrod AC, Benson WH. Environmental Estrogenic Effects of Alkylphenol Ethoxylates. Crit Rev
Toxicol. 1996;26(3):335-364. doi:10.3109/10408449609012527
101. Beyer J, Myhre LP, Sundt RC, et al. Environmental risk assessment of alkylphenols from offshore
produced
water
on
fish
reproduction.
Mar
Environ
Res.
2012;75:2-9.
Page 26 of 27

Dryden et al. – Anthropogenic Discharges to the Coastal Environment: A Review, July 2021

doi:10.1016/j.marenvres.2011.11.011
102. Jakimska A, Konieczka P, Skóra K, Namieśnik J. Bioaccumulation of Metals in Tissues of Marine
Animals, Part I: the Role and Impact of Heavy Metals on Organisms. Polish J Environ Stud.
2011;20(5).
103. Jørgensen T, Løkkeborg S, Soldal AV. Residence of fish in the vicinity of a decommissioned oil
platform in the North Sea. ICES J Mar Sci. 2002;59(suppl):S288-S293.
104. Ansari TM, Marr IL, Tariq N. Heavy metals in marine pollution perspective-a mini review. J Appl
Sci. 2004;4(1):1-20.
105. Neff JM. Bioaccumulation in Marine Organisms: Effect of Contaminants from Oil Well Produced
Water. Elsevier; 2002.

Page 27 of 27

